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PREFACE 
The purpose of this thesis is to investigate the 
phenomena of sliding contact wear caused by abrasive 
particles entrained in the interfacing fluid and to develop 
a Ferrographic-Wear model for predicting the related wear 
behaviour. This model was experimentally verified. 
At.this time, I would like to express my gratitude to 
my thesis adviser Dr. E. C. Fitch, Jr., for allowing me the 
opportunity to continue my graduate education. His guid-
ance, encouragement, and inspiration have been an extremely 
valuable asset to me during my graduate work. 
In addition, I would like to express my appreciation 
to my colleagues at the Fluid Power Research Center at 
Oklahoma State University for their assistance. 
Most of all, I wish to extend my gratitude to my 
parents and wife.for their support and understanding during 
my graduate endeavors at Oklahoma State University. 
iii 
TABLE OF CONTENTS 
Chapter Page 
I. INTRODUCTION • • • • • • • • • • • • • • • • • • 1 
II. · RELATED INVESTIGATIONS • • • • • • • • • • • • • 7 
Effect of Abrasive Particle Properties • • • 9 
Effect of Variables Other Than Abrasive 
Particle Properties • • • • • • • • • • • ~5 
Methods to Simulate A System Havin~ 
Abrasive Sliding Wear • • • • • • • • • • 17 
Wear Debris Analysis Techniques • • • • • • 19 
Main Points Concluded From the Survey • • • 20 
III. FERR(X}RAPHY AND FERROGRAPllIC-SLIDING WEAH MODELS 22 
Ferrography • • • • • • • • • • • • • • • • 22 
Evaluating Ferrographic Data • • • • • • • • 27 
Mechanism of Sliding Contact Wear • • • • • 30 
Contaminant Parameters • • • • • • • • • • • 32 
Ferrographic-Wear Model • • • • • • • • • • 34 
IV. EXPERIMENTAL VERIFICATION • • • • • • • • • • • 50 
Te5t Procedure • • • • • • • • • • • • • • • 52 
Test Results • • • • • • • • • • • • • • • • 56 
Verification of Ferro~raphic-Wear Model • • 58 
Disscusion • • • • • • • • • • • • • • • • • · 66 
• I 
V. SUMMARY AND CONCLUSIONS 
Summary ••• 
Conclusion • • 
A SELECTED BIBLIOGRAPHY • 
• • 
• • 
• • 
• • • • • • • • • • • • 
• • • • • • • • • • • • • 
. . .. • • • • • • • • • • • 
• • • • • • • • • • • • • 
APPENDIX A - BREAK-IN PROCEDURES . . . . . . ~ . . . . 
APPENDIX B - THE LEAST SQUARES CURVE r"'ITTING M.ETHOD 
69 
69 
72 
74 
78 
APPLIED HI A .LOG-LOO FUNCTION • • • • • • 80 
APPENDIX C - FERROORAMS • • • • • • • • • • • • • • • • 83 
iv 
Table 
I. Test Plan ••• 
LIST OF TABLES 
• • • • • • • • . .. . . . • • • 
II. Test Results . . . . . . . ' . . . . . . . . . . 
Page 
55 
57 
III. Performance Equation • • • • • • • • • • • • • 62 
v 
LIST OF FIGURES 
Figure 
1. 
2. 
Mechanism of Abrasion • • • • • • • • • • 
Schematic of Effect of Abrasive Hardness 
on Wear Rate • • • • • • • • • • • • • 
• • • • 
. . . . . 
J. The Effect of Abrasive Grite Size on Wear Rate 
Page 
10 
12 
Under Different Normal Load • • • • • • • • • • 14 
4. Illustration of Ferrography Devices and 
Ferrogram Slide ·~ • • • • • • • • • • • • • • • . 24 
5. Schematic of Bichromatic Microscope .. . . . . . 26 
6. Repeatability and Saturation Characteristics 
of Ferrographic Techniques • • • • • • • • • • 29 
7. Components Wear Modes • • • • • • • • • • • • • • 31 
8. Illustration of Ferrogram Variables Relationships 37 
9• Grit Size vs Wear Rate in Log-Log Scale • • • • • 
10. 
11. 
12. 
lJ. 
14. 
15. 
16. 
17. 
Pump Flow Degradation vs Particle Size • • • • • 
Mechanism of Wedge Phenomenon • • • • • • • • • • 
Contaminant Size and Concentration Effect at 
Various Clearances on Sliding Mechanism • • • • 
Particle Concentration Effect on Piston Ring 
Wear. Rate • • • • • • • • • • • • • • • • • • • 
S·chematic of Test Component • • • • • • • • • • • 
Schematic of Test System • • • • • • • • • • • • 
· D54/ml vs Particle Concentration at 
Normal Condition • • • • • • • • • • • • • • • 
054/ml vs Particle Size Range at Normal Condition 
vi 
42 
43 
45 
46 
47 
51 
53 
59 
60 
Figure· 
18. 
19. 
20. 
21. 
22. 
23. 
25. 
26. 
27. 
D54/ml vs Particle Concentration at 
Wedge Condition ••••••••• • • • • • • • 
D54/ml vs Particle Concentration in Log-Log 
Scale at Normal Condition •••••••• • • • 
D54/ml vs Particle Concentration in.Log-Log 
Scale at Wedge Condition • • • • • • • • • • • 
D54/ml vs Particle Size Range in Log-Log 
Scale at Normal Condition •••••••• • • • 
Particle Count Analysis of Sliding Contact 
Wear Rate • • • • • • • • • • • • • • • • • • • 
Ferrograms of Wear Debris (54mm) From 
Sliding Mechanism After Exposure to 5 mg/l 
of Contaminant (magnification =·1oox), 
Normal Condition • • • • • • • • • • • • • 
Ferrograms of Wear Debris (54mm) From 
Mechanism After Exposure to 10 mg/l 
Contaminant (magnification= lOOX), 
Normal Condi ti on • • . • • • • • • • 
Ferrograms of Wear Debris (54mm) From 
.Mechanism After Exposure to 50 mg/1 
Contaminant (magnification = lOOX), 
Normal Condition ••••••••• 
Ferrograms of Wear Debris ( 54mm) From 
Mechanism After Exposure to 40 mg/l 
Contaminant (magnification = lOOX), 
Normal Condition ••••••••• 
Ferrograms of Wear Debris (54mm) From 
Mechanism After Exposure to 80 mg/l 
Contaminant (magnification= lOOX), 
Normal Condition ••••••••• 
Sliding 
of 
• • • • 
Sliding 
of 
• • • • 
Sliding 
of 
• • • • 
Sliding 
of 
• • • • 
Ferrograms of Wear Debris (54mm) From Sliding 
Mechanism After Exposure to 5 mg/l of 
Contaminant (magnification= lOOOX), 
Normal Condition ••••••••••••• 
• • 
• • 
• • 
• • 
• • 
• • 
29 •. Ferrograms of Wear Debris ( 54mm) From Sliding 
.Mechanism After Exposure to 10 mg/l of 
Contaminant (magnification= lOOOX), 
Page 
61 
6) 
64 
65 
68 
86 
87 
88 
89 
Normal Condition • • • • • • • • • • • • • • • 90 
vii 
Figure 
JO. 
Jl. 
)2. 
JJ. 
J4. 
J5. 
J6. 
37. 
)8. 
39. 
Ferrograms of Wear Debris ( 541wn) From 
Sliding Mechanism After ExposurA. to 20 n~/l 
of Contaminant (ma~nification = lOOOX), 
Normal Condition ••••••••••••• 
Ferrograms of Wear Debris (54mm) From 
Sliding Mechanism After Exposure to 40 mg/l 
of Contaminant (magnification= lOOOX), 
Normal Condition ••••••••••••• 
Ferrograms of Wear Debris (54mm) From 
Sliding .Mechanism After Exposure to $0 mg/l 
of Contaminant (magnification~ lOOOX), 
Normal Condition ••••••••••••• 
Ferrograms of Wear Debris (54mm) Fram 
Sliding Mechanism After Exposure to 5 mg/l 
of Contaminant (magnification = lOOX), 
Wedge Condition •••••••••••••• 
Ferragrams of Wear Debris (54mm) From 
Sliding Mechanism After Exposure to 10 mg/l 
of Contaminant (magnification = lOOX), 
Wedge Condition •••••••••••••• 
Ferrograms of Wear Debris ( 54mm) From . 
Sliding Mechanism After Exposure to 20 mg/l 
of Contaminant (magnification= lOOX), 
Wedge Condition •••••••••••••• 
Ferrograms of Wear Debris (54mm) From 
Sliding Mechanism After Exposure to 40 mg/l 
of Contaminant (magnification = lOOX) , 
Wedge Condition •••••••••••••• 
Ferrograms of Wear Debris ( 54mm) From 
Sliding Mechanism After Exposure to $0 mg/l 
of Contaminant (magnification= lOOX), 
Wedge Condition •••••••••••••• 
Ferrograms of Wear Debris (54mm) From 
Sliding .Mechanism After Exposure to- 5 mg/l 
of Contaminant (magnification = lOOOX), 
Wedge Condi ti on • • • • • • • • •- • • • • • 
Ferrograms of Wear Debris (54mm) From 
Sliding Mechanism After Exposure to 10 mg/l 
of Contaminant (magnification = lOOOX), · 
Wedge Condi ti on • • • • • • • • • • • • •.• 
viii 
Page 
• • 91 
• • 92 
• • 9) 
• • 94 
• • 95 
• • 96 
• • 97 
• • 98 
• • 99 
• • 100 
Figure 
40. Ferrograms of Wear Debris (54mm) From 
Sliding Mechanism After Exposure to 20 mg/l 
of Co.ntaminant (magnification = lOOOX), 
Page 
Wedge Condi ti on • • • • • • • • • • • • • • • 101 
41. Ferrograms of Wear Debris (54mm) From 
Sliding Mechanism After Exposure to 40 mg/l 
of Contaminant (magnification = lOOOX), 
. Wedge Condi ti on • • • • • • • • • • • • • • • 102 
42. Ferrograms of Wear Debris (54mm) From 
Sliding Mechanism After Exposure to BO mg/l 
of Contaminant (magnification= lOOOX), 
Wedge Condition • • • • • • • • • • • • • • • 103 
ix 
CHAPTER I 
INTRODUCTION 
It is commonly known that mechanical components can 
loose their usefulness in three rnajor ways: corrosion, 
fatigue, and wear (1, 2). Essentially, wear is unavoidable. 
Fricti.on exists whenever there is relative motion, and wear 
occurs due to friction. Thus, some wear at least is 
inevitable. 
In the earlier period of the Industrial Revolution, 
the best that engineers could expect from their machines 
was that they would work at all. Today, it is much differ-
ent story. Now, a machine is expected to not only function 
well, but also exhibit high efficiency, good reliability, 
and a long service life. Performance degradation and short 
working life i.n machines are usually caused by an almost 
trivial amount of material removed from critical surfaces 
due to wear. Energy crisis is now seriously felt every-
. where, and "economic benefit" plays a major role in the 
field of machine design and maintenance. Consequently, 
the small amount of material worn, which was once consider-
ed trivial, is rapidly becoming important. Also, there 
will be a greater demand for longer life and higher relia-
bility of equipment in the future. Thus, there are many 
l 
compelling reasons for gaining a better understanding of 
tribological wear and a better utilization of the results 
of wear research in engineering practice. 
2 
In general, machine components such as bearings, gears, 
and sliding mechanisms are devices which are both oil-wetted 
in service and sensitive to abrasive particles. In most 
applications, these components will be exposed to abrasive 
contaminants entrained in the lubricating medium. Rolling 
contact bearings are used to support rotating loads. The 
wear mechanism of rolling contact bearings is almost of a 
pure rolling type. The effect of abrasive particles on 
this mechanism has received much more attention compared to 
the other two types -- gears, and sliding mechanisms. 
Research on ball bearing surface damage due to abrasive 
contaminant have been made (J, 4, 5, 6). Gears are usually 
found in a mechanical system and used to transfer power 
between two components. Damage due to wear in this com-
ponent is always caused by the high pressure generated 
along the pressure angle where two teeth are forced to 
contact. Usually, this kind of wear is referred to as 
elastohydrodynamic (EHD) wear. 
Although the study of wear on gears is very sophisti-
cated due to the special mechanism involved, the EHD theory 
has been studied widely in tribology. Some investigators 
have documented the results of their research (2, 7). This 
will take the wear studies on gears out of the scope of the 
present study. 
3 
Sliding mechanisms are those mechanisms which have 
sliding relative motion, but do not have the primary 
function of a bearing or gear. Piston ring/cylinder, spool 
valve/housing assembly fall into this category. Contaminant 
induced wear between such sliding surfaces is of practical 
interest due to its widespread use. One would expect that 
nruch of the theoretical basis for its understanding would 
have been established for a long time. Actually, it is not 
true. Sliding mec.hanisms have received little or no 
attention with respect to abrasive contaminant wear in the 
interfacing fluid. The reported investigations of particle 
abrasive wear were usually restricted to dry-friction and 
utilized "two-body" abrasive models. The choice of the 
test specimens was at best peculiar (e.g., steel to diamond 
or to emery papers), and the results could not be easily 
applied by·engineers in practical design situation related 
to lubrication and fluid power. 
A thorough search of literature concerning the 
effects of abrasive particles on sliding contact wear 
revealed that.methods used in tribolo,e;ical wear analysis 
were limited to the conventional intrusive techniques, 
dismantling the devices for making microscopic surf ace 
studies by the scanning electron microscope (SEM) or 
employing a "simulator" (i.e., attempt to relate the 
simulation results to the performance by duplicating some 
factors of interest). Actually, this technique is still 
classified as an intrusive method. 
Generally, the components in sliding contact systems 
must be totally enclosed and it is virtually impossible to 
employ conventional wear analysis techniques to study the 
effected contaminant induced wear under realistic 
condition. Hence, a reliable and non-intrusive wear 
analysis method has been needed. 
4 
It has long been recognized that wear debris are a 
direct indicator of wear phenomena, especially in lubricat-
ed systems. Spectrographic debris analysis technique are 
now extensively used to analyze wear debris in lubrication 
oi1 but.do not provide as much information as is desired 
($, 9). For instance, this method can not distinguish 
between two samples containing foreign particles of very 
different average size but havinp; the same total parts per 
million of contaminant. In addition to this drawback, 
spectrographs are sophisticated and expensive devices. 
Ferrography ($, 9, 10, 11), is a new technique used 
to analyze wear debris from contaminated lubricant. It 
is capable of magnetically drawin~ wear debris from a lu-
bricant onto a glass slide to yield a Ferrof;ram. Moreover 
the magnetic force arranr,es the debris almost according to 
their size on the slide. The density of the precipitating 
debris is determined by optical devices. This technique 
.has been widely and successfully used for studyin~ wear-
related performance derr,radation in hyraulic nnd lubricat-
ing systems at the Fluid Power Research Center (FPRC), 
Oklahoma State University (OSU) since 1975. Fortunately, 
5 
in considering the wear of surfaces and mechanisms in 
hydraulic components as compared to those in·lubricated 
components, a great deal of similarities exist. For 
example, a spool valve is similar to a slidin~ contact 
mechanism. Therefore, Ferrographic analysis techniques 
and the contaminant wear concepts developed at the FPRC to 
evaluate the phenomena of sliding contact wear due to 
abrasive particles in oils have been investigated for many 
years. 
Because of the work mentioned above, this research 
effort was undertaken to investigate the wear associated 
with surfaces in contact where relative motion exists and 
various particle size distributions and concentrations of 
oil-entrained abrasives are exposed through Ferrographic 
wear analysis techniques. 
A Ferrographic-Wear model is described for a conta-
minanted lubricant .associated with a sliding contact mech-
anism, the model relates the wear rate of components to the 
amount of wear debris measured ferrographically. Besides 
developing and verifying the wear model, the phenomena of 
wear rate versus the clearence between two sliding surf aces 
is addressed and described in this report. 
The remainder of· this thesis presents and discusses 
the results of the total research program. The following 
chapters review previous related investigations in the area 
of abrasive wear and concepts associated with contaminated 
fluid wear. Chapter III presents the Ferrographic analysis 
6 
technique and develops Ferrographic-Wear models for predict-
ing wear rate of sliding mechanisms under the influence of 
abrasive particles in lubricating fluids. Chapter IV 
delineates the experimental results of the Ferrographic-
Wear model evaluation. Finally, Chapter V provides a sum-
mary and conclusions of the entire study. The Appendices 
· contain some selected Ferrogram.s and the least squares curve 
fitting method for solving "log-log" problems. 
CHAPTER II 
RELATED INVESTIGATIONS 
It was Leonardo da Vinci who found that wear increased 
with load and that the direction of wear is not necessarily 
in a vertical direction but follows the main vector of the 
load (12}. Probably this description is a result of one 
of the systematic studies he made on wear phenomena. 
Although wear beh~viour has been studied for a long 
time, the fundamental principles are not yet well under-
stood. There can be many reasons given for this poor 
progress but it is felt that the complexity of the wear 
mechanism itself may be the major reason. Even in recent 
years, of course, the formulation of an adequate and all 
embracing definition of wear is difficult. The American 
Society of Lubrication Engineering (ASLE} accepted the 
definition of wear as "removal of material by mechanical 
action" (13, P. 41), and a committee of the Institute of 
Mechanical Engineers defined it as "the progressive loss 
of substance from the surf ace of a body brou~ht about by 
mechanical action" (14, P. 94). Both of these.definitions 
are based on mechanical action and do not emphasise the 
causes due to chemical action. However, these definitions 
are acceptable as they are applied to the mechanism of 
7 
sliding wear caused by abrasive particles, since mechanical 
action predominates in such a process. 
Wear, as previously noted, is not a simple process but 
involve· complicated modes which can occur independently. 
In order to gain a better picture of th~s tribological 
phenomena, scientists have classified wear phenomena in a 
variety of ways. Most of them are based on the physical 
process, sliding process, or the results which are achieved 
(13). However, according to these classifications, at 
least four wear mechanisms can be summarized as follows: 
1. Adhesive wear 
2. Abrasive wear 
J. Corrosive wear 
4. Fatigue wear 
In addition to these wear processes, Rabinowicz ( 15) 
added erosive wear and cavitation wear to enrich the 
classification. Erosive and cavitation wear normally 
occur between solid surf aces and the fluid. Sliding wear 
caused by abrasive particles, the subject studied in this 
research, falls into the categories of abrasive and 
erosive wear. Actually, erosive wear can be considered 
another form of abrasive wear (1), where wear rate is 
related to the kinetic energy of the particle. In most 
cased, erosion is a minor factor as compared to abrasion 
if they co-exist in the same system (1, 10, 14). 
Abrasive wear usually occurs between two surfaces in 
relative motion. The softer material will be plowed off 
due to the harder surf ace or hard particle between them. 
This wear covers two types of situations two-body 
9 
abrasion and three-body abrasion, Figure 1. In two-body 
abrasive wear, a rough hard surface slides against a softer 
surface or hard embedded abrasive particles on one surface 
are directly in contact with the other softer surface. In 
three-body type, abrasion is caused by loose hard particles 
sliding between rubbing surfaces. Also, it occurs when 
clearances are small enough to trap abrasive particles 
between surfaces with enough force to result in the plowing 
or cutting action. Contamination wear falls into the 
category of embedded type or the three-body situation. 
In an extensive search of the literature on abrasive 
wear and contaminant wear studies, it was found that most 
of the reported investigations recognized that wear is 
dependent on the properties of the abrasive particle, 
lubricant flow, component materials and other minor 
parameters like specimen size, and humidity. Therefore, 
it is felt that a brief review of these effects on 
abrasive wear would provide a strong background in 
developing a wear model in the next chapter. 
Effects of Abrasive Particle Properties 
Hardness, grain size and form, and grain concentration 
affect the wear behaviour caused by contaminant particles. 
(a) 
(c} 
(a),(b): Two-Body Abrasion (c),(d): Three-Body Abrasion 
(b) 
• 
Figure 1. Mechanism of Abrasion 
10 
Several investigations (16, 17, 1$) have.shown that wear 
resistance depends on particle hardness. 
11 
Depending on the correlation between the hardness of 
abrasive particle, Ha, and the hardness of the metal, Hm, 
three distinct wear regimes can be observed as shown in 
Figure 2 (12). This characteristic has been confirmed by 
tests performed by both Wellingers and Stauff (19) and they 
stated that wear increases rapidly once the particle hard-
ness exceeds that of the metal for both abrasive and 
erosive wear. Beyond this, the wear rate may become fairly 
constant or even reduce with increasing abrasive hardness. 
Moreover, Rabinowicz (20) reported that the wear resistance 
is approximately proportional to the hardness of the metal. 
this leads to the important conclusion that wear rate 
depends on the relative hardness of abrasive particles and 
test surfaces. 
The particle grain size is a major factor affecting 
abrasive wear. Many of the references (17, 20, 21) state 
that the absolute wear rate increases with grain size up 
to some critical diameter, in general in the region from 
50 micrometers to ao micrometers, and then either slowly 
increases with grain size or remains constant. In order 
to confirm this behaviour; Sin (21) used test specimens 
sliding on different grades of SiC abrasive paper under 
a variety of load conditions. The results are depicted 
in Figure J. This figure clearly show the effect of grain 
size on wear. 
I II III 
Hardness of Abrasive 
I: Low-Wear reGi:r:e, if Ha< Hm 
II: Transition regirr.e, if !fa.::::;flm 
III: High-\"/ear regi::ie, if Ha> Hm 
Figure 2. Schematic of Effect of Abrasive 
Hardness on Wear Rate 
12 
13 
Many tribolop.;ist;.s attempted to find tl1e reason why a 
constant wear rate results after some critic al size is 
reached. Larsen Badse (23) postulates that this phenomena 
may be induced by specimen size since different lengths 
of an abrasive particles have different effect .on the 
deterioration with different grit size. 
Rabinowicz (24) suggested that the critical size 
. effect is caused by the interference between adhesive and 
abrasive particles which is inversely proportional to the 
grain size. However, his research results were limited to 
qualitative description and experimental work only. 
A quantitative expression was reported by Bergeron 
( 19), from tests on Al. Br. He found that wear rate is 
proportional to (particle size)0.75. Also, he stated that 
for general application, wear is proportional to the size 
times a furtction of coefficient of friction, densities, 
and size with surface curvature ratio. In addition to the 
effect of size on wear rate, particle shape also affects 
wear behaviour. The· commonly accepted concept of this 
characteristics is that anp;ular particles produce more 
wear than rounded particles (21). 
Abrasive particles concentration is another factor 
that affects the wear rate, particularly in contaminant 
induced wear. Most contaminant-induced wear research was 
conducted by hydraulic engineers. It is generally 
accepted that wear increases with concentration (10, 25, 
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Figure 3. The Effect of Abrasive Grite Size on Wear Rate Under Different Normal Load 
26, 27), and there exists a direct relationship between 
wear rate and concentration. Unfortunately, only little 
quan ti tati ve information has been reported regarding this 
aspect. 
15 
In his research on the abrasive effect on the centrif-
ugal pump, Vasiliev (19) found that was associated with the 
conditions when the volume concentration of sand was 
directly proportional to (Concen.) 0 •82 and independent of 
materials or flow properties. 
Recently, effects of contaminant-induced wear on 
hydraulic components have been studied at the FPRC. It was 
found that performance degradation of a wear sensive 
hydraulic component bears a linear relationship with 
abrasive concentration (25). Furthermore, a quantitative 
equation was obtained to predict the particle concentration 
effect of gear pump flow degradation, namely AQ = kC where 
AQ is total flow degradation, k is proportional constant 
which.depends on pump characteristic and C is contaminant 
concentration. 
Effects of Variables Other Than 
Abrasive Particle Properties 
Properties of lubricant flow, material used and 
specimen size have been shown (16, 23) as detectable 
effects on abrasive wear. In addition, frictional heating 
and humidity can also affect wear rate. However, if 
16 
process conditions are well controlled, these two para-
meters will be overshadowed by other major properties (28). 
Khrushchev and Babichev (29) tested a great variety 
of materials in the high wear regime, i.e., regime III in 
Figure J, to determine the relevant material properties 
that govern the abrasive wear behaviour. The results 
revealed that the wear resistance, i.e., the reciprocal of 
wear volume, is directly proportional to their har.dness. 
This linearity between wear resistance and material hard-
ness was utilized by an abrasive wear model suggested by 
Rabinowicz. 
Flow properties are usually considered when particle 
erosive type abrasion becomes dominant in the wear system. 
Occasionally, this property is discussed in the contaminant 
induced wear cate~ory. There are many mathematical 
expressions that relate wear rate with flow speed (JO, Jl). 
Since almost none of the tests were done under the same 
conditions, this quantitative expression, therefore, are 
not unique •. However, a brief conclusion that can be made 
is that all of them used a power law to describ the 
relationship between the flow Velocity and wear rate. The 
power index of speed varied froru 1.4 to J.O depending on 
the test material used. 
Specimen size effects have been comprehensively 
studied by Larsen Badse (23) and other triobologists. 
Larsen Badse utilized rectan~ular specimens of OFHC copper 
to slide against virgin SiC abrasive paper. They deter-
mined that the wear rate after the specimens were slided 
17 
a short (2.) mm) and a long ('1.0 mm) distance, that the 
influence of specimen length on wear might be as much as 
30% •. · The .effect is due to the sharpenin~ of the contacting 
abrasive grains over the initial distances of contact and 
to blunting and deterioration of the grain when the contact 
occurs. The effect on wear rate is small when grit life is 
either much longer or shorter than specimen contact but may 
be appreciable when the two values are of the same order of 
magnitude. This discovery has been used to explain the 
knee point in the performance curve that results from wear 
rate with grain size as mentioned earlier. 
Methods to Simulate A System Having 
Abrasive Sliding Wear 
In order to gain a better understanding of wear be-
haviour, a great number of wear tests have been developed 
and used. There being a great range of available materials 
and the various wearing environments, it is virtually 
impossible to develop a "perfect" wear test method for all 
possible cases. However, a lot of wear test techniques 
have been successfully developed and comprehensively 
employed. Abrasive wear tests are described in a great 
number of published paper. 
According to the lubricating condition between 
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sliding surfaces and the way in which abrasive particles 
are entrained, wear tests are classified as ~nlubricated 
(dry) or lubricated sliding mechanism with well-
controlled contaminant added or with self-generated 
abrasive particle. Sliding wear due to abrasive particles 
in the fluid does not belong to the regime of dry sliding 
mechanism. Therefore, efforts made in this study will 
address the survey of tests which have been done in the 
field of contaminant induced wear in fluid wetted 
· components. 
Wear tests conducted with self-generated contaminant 
in lubrication system have been used quite extensively, 
like the four-ball technique (32, 33). It always costs a 
great deal of time to "generate" suitable wear debris for 
a wear study. Naturally this is a time consurruning job. 
Furthermore, extremely hi~h contact stresses are generated 
between surfaces under test. This way the wear mechanism 
shifts to .an entirely different mode than expected. 
In a recently developed accelerated-type contaminant 
exposure test technique, contaminants are added externally 
and according to the program preset, has a trend to 
replace the role which has been utilized by conventional 
techniques, e.g., four-ball test. The contaminant added 
depend on the system requirements. Usually, silica, metal 
chips or additives as required are acceptable. Though 
the choice of additive is optional, silica is the most 
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popular contaminant selected. The reasons may be the hard-
ness of silica that hi~her than normal metals, and dirt in 
operating system fluids always came from the environment 
which contains silica as the major solid contaminant. 
These factors cause the si111ulated system to be. more realis-
tic. The most widely used silica is Air Clear Fine Test 
Dust (ACFTD) in which the particle size distribution is 
precisely controlled by General Meters (J4). 
1,·Jear Debris Analysis Techniques 
The properties and shapes of wear debris has been 
given a lot of attention which is applicable in wear 
analysis for all non-intrusive techniques. Recently, the 
study of wear debris recovered from wearing system has 
become of ereat importance to industry. Many conclusions 
may be reached by simple visual observation with or without 
optical aids. However, techniques such as filtration 
separation, magnetic separation, radio-active tracers and 
spectrometers are commonly found to be utilized by tribo-
logists to achieve their goals on wear debris studies. 
Of course, these techniques have been successfully employed 
to analyze wear debris characteristic for· many years -- at 
least 25 years. 
Filtration separation has been applied to remove wear 
debris from lubricant by means of a porous membrane filter 
with a pore diameter of about 1 µm (35). Then, an equal 
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volume of solvent is passed through the filter and air-
dried. After.carbon coatin~, the debris deposited on the 
filter can be examined by the Scanning Electron Microscope 
(SEM). 
Radioactive analysis methods were conducted by having 
radioactive treament on test parts prior to assembly. The 
degree of radioactivity in the fluid would provide an 
indication of the wear rate. 
After evaluating both radioactive tracer and neutron 
activation methods, Tessman (10) suggested that neither of 
these two techniques are feasible for practical service due 
to their costly investment and sophisticated structure. 
In Chapter I, a comparison between spectrometer and 
magnetic seperation method (i.e., Ferrography) has been 
made~ It was indicated that Ferrography has oIDre benefit 
than the spectrometer. Likewise, as compared to filtration 
seperation methods, Ferrography is better since this 
method can separate wear debris from environmental type 
contaminant -- silica, while filtration technique can not. 
This implys that the most likely candidate for wear debris 
analysis is Ferrography. 
l'Jlain Points Concluded 
From the Survey 
An extensive literature search related to "sliding 
contact" wear caused by loose abrasive particles in fluids 
was conducted. Owing to the large number of factors 
affecting wear behaviour in sliding contact mechanism, 
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it was virtually impossible to identify m all-erncompassing 
relation for sliding contact wear. However, it is worth 
noting some general trends which were gained from the 
available literature for developing a Ferrographic-Wear 
model: 
1. Wear increases with ~rain size up to a critical 
point then it remains constant or decreases 
slightly as grain size increases. 
2. Wear rate also increases as contaminant 
concentration increases. 
J. Wear depends on abrasive particle hardness, 
metal hardness, grain shape, specimen size, 
test environment, and frictional heating. 
4. Wear increases rapidly with flow velocity which 
probably caused by erosive actions. 
5. AC Fine Test Dust is a preferred contaminant 
for abrasive tests. 
6. Ferrographic wear debris analysis technique 
has many benefits in lubricated wear studies 
as compared to other non-intrusive techniques. 
CHAPTER III 
FERROGRAPHY AND FERROGRAPHIC 
SLIDING WEAH MODELS 
Ferro~raphy 
Ferrography is a relatively new technique developed to 
analyze wear debris recovered from oil-wetted components. 
The reason for its immediate success and becoming widely 
employed in wear analysis is due to its ability to separate 
metallic particles from extraneous entrained contaminants 
in lubrication fluids. Particle separation is accomplished 
by passing an oil sample through a chemically treated 
microscope slide which is positioned at an angle with 
respect to a magnet to ~enerate a high gradient field. 
Metallic particles are attracted and captured by the 
magnetic field as they pass down the slide. After a 
specific amount of liquid has passed across the slide, a 
washing and fixing· cycle removes the residual fluid and 
fixes the precipitated particles on the slide firmly, now, 
the slide is called a Ferro~ram. 
Theoretically speaking, mar;netic field strength is 
very sensitive to distance, usually this strength is 
inversely proportional to the square of distance. Thus, 
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the angle of inclination between the slide and the magnet 
causes a magnetic gradient alonr, the slide and allows the 
wear debris to be deposited alon~ the entire fluid path on 
the Ferrogram. Moreover, the wear debris also arranges 
itself almost according to its size individually with larg-
er particles precipitating first. Figure 4 illustrates a 
Ferrogram. 
After the Ferrogram has been prepared, a Ferrogram 
Reader and a Bichromatic microscope are frequently employed 
to further examine the precipitated wear debris on the 
slide. The Ferrogram Reader, or the so called Desi tometer, 
are operated by impinr,ing a beam of light on the Ferrogram 
and electronically reading the amount of light reflected. 
Physically, metal chips on the Ferrogram are opaque 
and reflect the li~ht. The reflected bulk of light is 
collected and sensed on a photocell. Since the extraneous 
entrained contaminants like slica do not reflect light, the 
light density sensed by the photocell is an indicator of 
the amount of metal debris on the Ferro.gram. 
Figure 4 depicts the structure needed to prepared a 
Ferrogram and the basic principle of Ferrogram Reader. In 
addition to the quantity of wear debris, the gross particle 
size distribution is also of interest. This is accomplish-
ed by reading the "density" at different positions on the 
Ferrogram. These readings are often named as D54, D50, 
DJO, and DlO. D54 means the density of the collected 
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debris at a point which is 54 millimeters from the exit 
end. Likewise, the meaninR; of D50, DJO, and DlO follows. 
25 
Generally, the high magnetic field gradient affects 
not only the size of wear debris collected but also the 
composition of particles. In fact, it is impossible to use 
Ferrograph Reader only to distinguish the free·metal from 
compounds. 
Fortunately, a device is available to overcome this 
problem, the Bichromatic microscope, Figure 5. Basically, 
the Bichrornatic microscope has two light sources, one red 
and the other green. The red light is reflected from the 
specimen while the green light is transmitted through it. 
·As previously stated, free metals. are opaque and reflect 
red light. On the other hand, compounds reflect less or no 
light~ Therefore, metals appear bright red and crystals 
appear highly green. The response of a compound depends on 
its composition. To distinguish them from each other is 
more of an art than a science. 
The other instrument associated with Ferrography is 
called the Direct Reading Ferrography, or D.R •• This 
again is an optical density reader but does not need a 
ferrogram to be prepared. Instead of preparing.a 
Ferrogram, a precipitatinp; tube is used in a D.R. system 
for collecting wear debris by means of magnetic forces. 
Unlike the Ferrogram Reader, the D.R. measures the amount 
of light blocked by the particles present and converts 
/mirror 
Ferro gram 
I 
Filter 
'\ mirror 
fled Filter 
I 
Reflected 
Light 
Source 
Transmi-
tted 
Light 
Source 
Figure 5. Schematic of Bichromatic Microscope 
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this to an optical density. 
Evaluating Ferrographic Data 
A ferrographic data is going to be used as the basis 
for formulating a ferrographic wear model for sliding 
contact, two key problems arise. Is ferrographic tech-
niques reliable? What density reading from the Ferrogram 
Reader is the best one to fit the realistic condition? 
These two problems are very fundamental and very important. 
In general, a reliable research analysis technique 
must meet three requirements: accuracy, repeatability and 
reproducibility. Certainly, no device can provide reliable 
analysis data unless the analysis results can be repeated 
within a small tolerance each time a given sample is 
analized. Moreover, if the results cannot be reproduced 
from one machine to another, it is difficult to generally 
accept them. In this regard, the Ferrography evaluation 
work done at the FPRC is invaluable. 
Like any newly developed device, Ferrography faced a 
great number of problems in the earlier period (1974). At 
that time, the FPRC had expended a considerable effort to 
evaluate Ferrography~ Fortunately, the results obtained 
from carefully and well-prograrruned experiments revealed 
that Ferrography is an acceptable technique in a wear 
analysis study. Experimental results (25) to demonstrate 
the repeatability and reproducibility are illustrated in 
Figure 6. It·is found that the maximum coefficient of 
variation exhibited by the data is about 5%. 
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Satisfaciory Ferrogram data relatin~ to the realistic 
wear behaviour depends on an adequate choice of the density 
readin~. Dut to the con~lexity of wear processes, the 
choice of a "preferred" density reading from Ferrogram is 
quite unique in each case. However, Ferrography users 
should understand that, if some of the density readings 
are responsive to some type of test, it may be expected 
that they will.be responsive to closely related tests. 
In order to find the best density reading to relate 
contaminant induced wear performance, a great number of 
correlation studies were carried out at the FPRC. 
The test systems concerned were pump rotary mechanism 
and linear mechanism. The results revealed that the DRI, 
DEN, D54, and D50 readings are much more responsive to 
pump performance parameter chane.;es than the DHE, DJO, or 
DlO readines. DEN means the entry region density reading. 
DRI and DR:S refer to the manufacture's desi~nation of large 
and small values of DH respectively. Furthermore, the D54 
readings follow equally well in the rotary and linear 
mechanism tests. Therefore, it is concluded that the 
particle density readings obtained at the 54 millimeters 
(D54) position on the slide is most responsive to wear 
mechanisms and is adopted in this research. 
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Meehan-ism of Slidine; Contact Wear 
In Chapter II, a comprehensive review of various 
abrasive mechanisms and data aquisition techniques was 
presented. 'l'his review provided a much clearer concept 
for developing a wear model concerning abrasive particles 
in interfacing fluids. However, in order to get a better 
understanding of the contaminant induced sliding contact 
wear mechanism, it is felt that a further study is needed. 
It is a universal fact that wearing components have to 
go through three basic wear modes during their operating 
life, namely the break-in, normal, and the final failure 
modes. This process is illustrated in Figure 7 on a wear 
rate versus operating time curve. In the break-in wear 
mode, wear results from the presence of machined surface· 
finishes, i.e., adhesive and two-body abrasion. It creates 
elongated free metal debris. The normal wear mode presents 
a gentle wear behaviour. The wear debris is not only small 
in size but also less in amount. Finally, when the 
component is approaching break down, the wear debris 
increases rapidly both in size and amount. Obviously, to 
accurately test a component's wear characteristics when 
exposed to an interfacing oil, the component should be in 
its normal wear mode. 
Abrasive contaminant induced sliding wear can be 
defined as the wear associated with surfaces in contact 
where relative motion exits and abrasive particles which 
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Break-In Nor.mal Fail 
Operation Time 
Figure 7. Components Wear Modes 
are harder than the wearing surfaces are present. These 
extraneous entrained particles may cause abnormal wear in 
one of two ways (37), abrasive cutting wear or abnormal 
abrasive wear. The abrasive cutting wear occurs when one 
wearing surface is considerably harder than the other. 
32 
The abrasive particles are embedded into the softer surface 
where they can act like a cutting tool to cut away the 
harder surface when sliding motion takes places between 
the contact surfaces. When the two wear surfaces are of 
comparable hardness, the abrasive particles roll between 
them and cause abrasive wear. Moreover, due to the 
repeated rolling, high local stresses on the contact 
surfaces may cause abnormal wear. 
Contaminant Parameters 
As previously noted, wear mechanisms are very 
complicated. The factors affecting wear behaviour are 
very sophisticated, too. Theoretically speaking, the wear 
rate should be a function of all the variables related to 
the wear processes of concern. It can be expressed as 
follows: 
W= f(C,D,M,S,CM,HA,Hl,H2,P,U,L,T,N,t) (1) 
where: W= wear rate 
c = particle concentration 
D = particle size (distribution) 
s = particle shape 
)) 
CM= particle composition 
M= particle mass 
HA = particle hardness 
Hl = wearing surf ace 1 hardness 
H2 = wearing surf ace 2 hardness 
p = load 
u = lubrican flow speed 
L = sliding distance 
T = system temperature 
N = effects by other minor factors 
t = action time 
Of course, it is impossible to analyze a wear system 
if consideration is not ~iven to all the interacting 
factors. Usually, variables are kept constant except for 
those of special interest. Normally, there are four 
critical parameters which are of interest in contaminant-
induced wear studies. They. are particle size distribution, 
concentration, shape, and composition (10, 25, )6, JS). 
Furthermore, the abrasive particles chosen for contamina-
tion wear study are always pre-determined, e.g., ACFTD. 
Consequently, t~e properties of particle shape and 
composition are known in a ~iven test. Therefore, 
Equation (1) can be simplified as follows: 
W = f(D,C) (2) 
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Ferrographic Wear .Model 
Investi~ating component wear through the Ferrographic 
wear debris analysis technique is a newly developed method. 
Instead of representing wear rate in a conventional format, 
i.e., weight loss or dimension change, wear rate is 
expressed in terms of debris density reading on the 
Ferrogram. Problems encountered in developing a 
Ferrographic·wear model related to some particular wear 
mechanism of interest would be as follows: (1) how to 
relate wear rate to Ferrographic density reading and (2) 
how to construe~ models to express wear rate with respect 
to particle size range and concentration in terms of 
density reading. 
There is a considerable amount of work published on 
Ferrography. Most of the publish reports restrict them-
selves to instrumentation descriptions and operation 
theories whi·~h are basic and fundamental. And almost none 
of the inv· :.5tigators have paid much attention to the study 
of the relationship of Ferrography with the conventional 
technique. Therefore, major attention will be placed here 
on obtaining a relation to express Ferrographic density 
readings as a function ot the wear rate. 
As stated previously,.Ferrography is a method to 
separate metal debris from the lubricant by means of 
magnetic force. Hence, the dynamic charateristics of 
particles moving in a magnetic field determine the 
deposition charateristics of the debris. 
In his report, "The Physics of Analytical 
Ferrography", Nair ( 39) derived. a set of particle dynamic 
equations that govern particle behaviour in the formation 
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of a Ferrogram. The equation set was developed for "ideal" 
conditions. The assumptions may be summarized as follows: 
the p~rticles are ~venly distributed in the fluid, the 
shape is spherical in nature, fluid flow properties are 
constant, tmd the ferrous particles in the sample do not 
interact with one another and do not combine together to 
form a layer of particles. Of course, such ideal 
Ferrography certainly does not exist in the realistic 
world; however, if the test was done in a well-con~rolled 
laboratory, this engineering idealization is reasonable. 
There are two equations which govern the particle 
.deposition and the area covered by debris with respect to 
particle diameter. They are: 
zp = A ( Xo i - u. 2 5 ) 7h 
l. 
where: A = a constant of the Analytical Ferrogram for a 
given field and material of the particles. 
Di = the i th particle diameter. 
Xoi = height location where the particle enters 
onto the slide. 
(3) 
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z = particle location. p 
h = maximum thickness of fluid film. 
and· 
_2 c 4 so II (dZP) (4) - 16Ab' • D.n. 1 1 
where: 
i.=r 
S = the area covered by the particles in the 
0 
aperture of the optical densitometer. 
o = the width of the Ferro.gram deposit measured 
laterally. 
i = suffix, varies from r to k. 
n1 = the number of particles of diameter Di. 
dZP = 0.1 cm corresponds to the aperture of the 
densitometer. 
Figure 8 depicts the relationships of variables in 
Equation (J) and (4). 
As previously stated, the Ferrogram density reader 
reads out the debris density accordin~ to the intensity of 
reflected li~ht from the Ferrograrn. Theoretically, the 
amount of reflected light is directly proportional to the 
area where li~ht impirn;es on the Ferrogram. This area is 
the total debris surface exposed to the aperture of the 
optical densitometer, namely the term S0 in Equation (4). 
Thus, the density reading at some special position, for 
example D54, is proportional to the surface area S0 • It 
can be expressed as 
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( 5) 
where: FD(l) = ferroGram density reading at 1 millimeters 
from the exit. 
k1 = proportionality constant. 
S~nce the components have a constant wear rate during 
the normal wear mode, this indicates that n. in Equation(4) 
l. 
can be treated as a constant at this moment. The term dZP 
as expressed in Equation (4) is always a constant. Thus, 
Equation (4) can be simplified to: 
so= k2 ~ 
i=r 
n4. 
l. 
(6) 
where: k2 - ll 2 ni (dZp)/16Ab is a constant in normal wear 
modes. 
The weight or volume of. wear particles is a direct 
indication of the severity. and amount of wear. This 
implies that a weight loss or dimension decrease.in the 
wear system results in the studying particle dynamic 
properties, the shape of wear particles is considered 
spherical in dealing with wear behaviour. Therefore, the 
weight of a wear particle with diamter Di 
- J;,.. w. = 11 dD. o 1 l. 
·where: wi = the weight of the i th wear particle. 
d = density of the particle 
(7) 
or w. = l. 
3 k3D. l. 
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(8) 
where: k3 = d IT/6 is a constant if the debris composition 
is the same. 
By relating Equations (5) and (6), it is found that 
the Ferro~raphic density readin~ at position 1 has a 
fourth power relation with particle size Di, i.e., 
FD(l) = k2 6 nlr 
i=r l. 
(9) 
Combining Equations (8) and (9), we have 
FD(l) = k4 6 W·D· l. l. i=r (10) 
where: k4 = k2/k3 is a constant. 
Equation (3) implies that if the density readings 
are taken at a fixed position, e.g., 1 = 54mm, then the 
particle dianieter Di is constant in terms of Xoi. This 
characteristic is based on the fundamental principle of 
electromagn~tics. Sin~e Xoi has a numerical initial value, 
D1 again has a numerical initial value proportional to 
Xoi• This indicates that Equation (10) can be reduced to 
FD(l) = k 5 • 6 wi i=r (11) 
where: k 5 = a constant which depends on Di. 
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The total wear as determined from the debris in fluids 
is the total :sum of w .• Therefore, the Ferrographic 
1 
density reading is proportional to the total wear rates W 
or FD(l) = k5 W 
Equation (12) states that the density reading at a 
"fixed" position is proportional to the realistic wear 
loss •. Now, if a function relating both the contaminant 
particle size range and the particle concentration is 
(12) 
known, then the Ferrographic wear model can be developed 
with the help of Equation (12). 
From the published resear~h results on the effect of 
grain size on abrasive wear by Sin (21), and others (20), 
it can be concluded that the wear rate increases with 
grain size till some critical size is reached, e.g., SO 
micrometers, then the rate remains constant or slightly 
decreases as the grain size increases, as shown in Figure 
). However, a less quantitative expression relating wear 
rate and particle size has been found. Fortunately, the 
wear-size characteristics curve can be linearlized if the 
data are depicted in a lo~-lo.Q; scale coordinate, as shown 
in Figur~ 9. Furthermore, the research efforts on 
contaminant induced wear on hydraulic component perfor-
mance expended at the FPRC also reveals a log-log relation 
of degradation to contaminant size range, Figure 10. 
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Since hydraulic component performance degradation definate-
ly depends on the increased clearance due to wear (10, 25), 
the de~radation curve in Figure 10 :lrnplies that wear is a 
log-log function of particle size. Therefore, it can be 
concluded that the role of sliding contact wear caused by 
abrasive particles entrained in the interfacing fluid 
would be a log-log function of particle size range. Thus, 
at a constant· contamination level, this can properly be 
expressed as: 
or 
log W = log a + b log Du 
w = a nb 
u 
where: W = wear rate 
Du = particle size, upper limit of ACFTD cut. 
(13) 
(14) 
a, b = constant parameters depends on system tested. 
Equation (13) and (14) are applicable to predict the 
sliding wear behaviour in interfacing fluids except in the 
case of the "wedge" condition. Normally, wedging action 
occurs when the critical particles have sizes close to the 
dimension of the clearance between the wearing surfaces. 
From the work done in the valve contaminant sensi ti vi ty 
area, the force required to actuate the spool is a func-
tion of the particle size distribution of extraneous 
entrained contaminant (40). 
The fact that wed~in~ action exists in sliding 
,........ 
13 
u 
I 
~ 20 
("'\ 
e 
r-i° 10 
r-i 
I 
0 
r-i 
~ 5 
2 
• 
• 
10 2 50 1·0 2)0 
,........ 
s 
........... ("'\ . 
a 
0 
r-i 
I 
0 
r-i 
x 
10 
6 
5 
4 
2 
1 
Grit Size ( )..lm ) (a} Data from Rabinowicz (20 ) 
10 15 20 JO 40 50 0 70 
(b) Data from Sin (21) 
100 (.um) 
Figure 9. Grit Size vs Wear Rate in Log-Log Scale 
42 
100 
A 
p, 2 
r-1 
2 
1 
o. 5 
-JOO mg/l 
-150 rfl{",/l 
- 25 mg/l 
20 30 40 100 
Particle Size Hange (0-Du), ,um 
Fi~ure 10. Pump Flow Degradation vs 
Particle Size 
43 
44 
contact wear mcchnnisrn is not ~rnrpri~1in1~. Usually, 
abrasion is more significant in the wedgin~ condition and 
much wear debris generation can be expected. Figure 11 
depicts the basic wedging mechanism postulated. Moreover, 
v experimental data obtained from a spool valve test are 
shown in Figure 12 which confirms.tne principle postulated 
in this study. 
Particle concentration also affects the fluid wetted 
component wear behaviour. From previous work on concen-
tration studies, just as particle size is related to wear 
rate, particle concentration a~ain has a log-log normal 
relationship with wear rate as shown in Fi,~ure 13, and 
expressed as: 
log W = log c + d lo~ C (15) 
or (16) 
where: W = total wear rate 
C = particle concentration 
c, d = constants which depends on testing condition 
The similar influence of particle size range and 
concentration on wear rate is easy to understand since 
the increase in concentration causes an increase in the 
amount of abrasive particles. Unlike wear-particle size 
equations, however, wear concentration equations, i.e., 
Equation (14) and (15), are valid for all conditions 
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including wedging action. 
Finally, Equation (14) and (16) can be substituted 
into Equation (12) to yield the unique Ferrographic-Wear 
models. These models express the degree of contaminant 
induced sliding contact wear with respect to Ferrographic 
density reading, particle size range, Du, and particle 
concentration c. As discussed previously, density reading 
at the 54mrn position from slide exit, namely D54, is more 
responsive to wear behaviour; therefore, the Ferrographic-
Wear models can be expressed as follows: 
FD(54) 
and FD(54) 
where: FD(54) = ferrogram density reading D54 
k6 = constant of coefficient, equals to k5a 
k7 .= constant of coefficient, equals to k5c 
(17) 
(18) 
In conclusion, the Ferrop.;raphic-Wear models developed 
in this study are applicable to abrasive particles induced 
sliding contact wear mechanisms except Equation (17) which 
will fail when applied to a wed~ing situation. 
In order to verify the models that have been develop-
ed, tests have been conducted. These tests have already 
been completed by researchers at the FPRC during 1975-1977. 
The.primary purpose of the tests was to study the 
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degradation of hydraulic components when they were exposed 
to contaminated lubricants. Fortunately, they were typical 
wear mechanisms of sliding contact caused by abrasive 
particles in interfacins fluids. A review of the test 
procedures and test results used to evaluate Ferrographic-
Wear models are presented in the following chapter. 
CHAPT£R IV 
ZXPERIMENTAL V~RIFICATION 
Sliding contact mechanisms are usually found in a 
piston-bore combination of a piston pump or a spool valve. 
Normally, these wearing components are contained in a 
closed system thus it renders a direct investigation on 
component wear phenomena most difficult. The Ferrographic 
Wear model developed in Chapter III would provide an 
efficient way to overcome the problem mentioned. 
It is felt that an experimental verification of those 
models is necessary before the model can be applied in the 
real world. During 1975 to 1977, two series of tests (36, 
41) were performed at the FPRC to evaluate the performance 
degradation of hydraulic components. The linear mechanism 
in these tests were typical sliding type mechanisms. The 
tests are discussed here in order to evaluate the 
Ferrographic-Wear model. The models concerning the 
particle size range, concentration and wedge effect are 
verified with experimental data. A brief description of 
the test device and test procedures are presented here to 
convey a much clearer picture of the tests. 
The devices used in both sets of tests are illustrat-
ed in Figure 14. These devices were designed to simulate 
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sliding contact wear mechanism. As shown, contaminated 
fluid enters the central chamber at test pressure. Two 
outlet ports were placed 90° from the inlets. The symmetry 
of the interior chamber provided a force balance at all 
chamber pr~sstl.res. Upon entering the device the fluid 
divides into ci flow stream throur;h the outlets and a leak.-
age flow between the spool and the bore. Leakage flow is 
plumbed back to the main return lines at a point down 
stream of the pressure drop valve located on the main 
return line just part the mechanism outlet. The leakage 
lines have valves to direct their combined flow to a 
sample tube. 
The test specimen ·consisted of 1020 mild steel double-
ended spool and two cast iron bore blocks. Bore diameters 
were nominally 12.70 millimeters and spool ends were 
lapped to match the situation required; for example, to a 
size of about 10 micrometers less than the bore diameter. 
A matched set of three pieces each was utilized for one 
particle size range of test dust with different concentra-
tion. Such a test system with a drive mechanism is shown 
in Figure 15. 
Test Procedure 
As previously.stated, the studies on wear behaviour 
are preferred to be performed during the normal wearing 
mode as shown in Figure 7. Therefore, the components 
- - _J 
Control 
Filter 
Circuit 
Driver 
Wear 
Mechanism 
L!J 
Leakage 
Collection 
Figure 15. Schematic of Test System 
Flow 
I"1eter 
have to undergo a break-in test. This test not only 
provides p;ood wear teRt condi tlons but also check::.-1 the 
drive mechanisms for proper oper::itlon. 'l' he suggested 
break-in procedure is presented in Appendix A. 
In order to focus on the wear phenomena related to 
particle size and concentration, the parameters listed 
below were held constant throu2;hout the 
Pressure drop across test clearance 
Cycle rate of Mechanism 
Fluid temperature 
Total flow rate through the mechanism 
Lubrication oil 
tests. 
1,000 psi 
85 cpm 
120 F 
3 gpm 
MIL-5606 
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The test specimens were numbered as 1-1, 1-2, 1-J, and 
2-1, 2-2, 2-J. Specimens 1~1, 1-2, 1-3 underwent a normal 
wear test while specimens 2-1, 2-2, 2-3 underwent a wedge 
wear test. The test plan which was followed is 
illustrated in Table I. · The test procedure was as 
follows: 
1. Install specimens and conduct break-in test. 
2. Establish test flow, pressure, and temperature 
with filters in the system and active mechanism. 
J. Remove filters from flow loop. 
4. Inject 5 milligrams per liter of 0-5 micrometre 
test dust classified from ACFTD. 
5. Circulate oil with contaminant for 14 minutes 
taking sample at 2, 4, 8, and 14 minutes. 
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'l'ABLi~ I 
TEST PLAN 
Contaminant Specimen 
.Material ParticleSize Cle ur~mce Concentration Number ()Im) (,.um) ( mg/l) 
1-1 Cast Iron 0- 5 10 5,10,20,40,80 
1-2 Gast Iron .0-JO 10 5,10,20,40,80 
1-3 Cast Iron 0-BO 10 S, 10, 20, l+O, BO 
2-1 Cast Iron 0- 5 JO 5,10,20,h0,80 
2-2 Cast Iron 0-JO JO 5,10,20,h0,80 
2-3 Cast Iron o-so JO 5,10,20,h0,80 
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6. Filter circulatinr; oil for JO minutes. 
7. Repeat steps 3-6 for concentration of 10, 20, 40, 
and 80 milligram per litre of 0-5 micrometre dust. 
s. Repeat steps 1 throu~h 7 for 0-JO and 0-80 micro-
metre contaminants. 
Steps 1 through 8 are applied for testing specimens 
1-1, 1-2, and 1-J. For testing specimens 2-1, 2-2, and 
2-J, step 5 and step 6 were replaced by the following: 
5. Circulate oil with contaminant for 45 minutes 
taking sample at 2, 7, 14, 25, and 45 minutes. 
6. Filter circulating oil for 45 minutes • 
. Test Results 
'l'he data used in the wear rate evaluation for the 
sliding contact mechanisms tested were the density 
readings obtained from the Ferrographic oil analysis of 
the lubricant samples. The readings used in this study 
were the D54 values. During each injection in both the 
particle size test and concentration tests, four or five 
fluid srunples w~re extracted. A D54 was obtained by 
normalizing the readings for a unit volume of fluid, e.g., 
1 ml, and averaged them arithmatically to produce a mean 
D54 per millilitre per injection to be used in the wear 
rate evaluation. 
The experimental results are listed in Table II, and 
the characteristic curves of D54 versus concentration and 
Specimen Particle 
Number Size (µm) 
1-1 0- 5 
1-2 0-30 
1-3 0-80 
2-1 0- 5 
2-2 0-JO 
2-3 o-so 
TABLE II 
TEST RESULT 
Concentration nlf-ll 
5 10 20 40 so 
0.40 1.27 1.90 ).JO 4.13 
0.2 5 1. 50 2.25 4. 50 6.13 
1.25 1.00 2.20 4.95 9.2 5 
2. 50 1.20 1.98 J.14 5.70 
2.12 2.71 4,01 6.60 10.75 
3.48 2.22 2.63 4,64 6.70 
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D54 versus particle size ran~e are illustrated in 
Figure 16, 17, and 18. Also the related Ferrograrns are 
presented in Appendix C • 
. • 
Verification of Ferrographic 
Wear Model 
As developed in Chapter III, the Ferrographic-Wear 
models reveal that the Ferrographic density reading D54 
has a log-log relationship to both particle size and 
concentrations. In other words, D54 is a power function 
in terms of size and concentration respectively. To 
accurately evaluate the properties of the Ferrographic-
Wear models, experimental results were treated statistic-
ally •. A set of equations was obtained by means of the 
least square curve fitting method. The modified least 
square method which can reduce the power equations to 
linear form are presented in Appendix B. 
Table II lists the equation sets derived from the 
test results. The related coefficient of determination 
are also included. As can be seen from 'Table III, the 
experimental data agrees closely with the theoretically 
derived equation. 
It is felt that the comparison shown in Figures 16-
21 adequately demonstrates that the model can be applied 
to predicate wear rate precisely by the non-intrusive 
Ferrographic oil analysis tee hnique. 
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Test 
Sequence 
1 
(1-1,2,3) 
2 
(2-1,2,3) 
TABLE III 
PERFORMANCE EQUATION 
ii'ixed 
P aranie tcr Performance Equation 
0- 5 FD(54)=0.J40Co.s9o 
0-JO FD(54)=0.295GO.?l4 
0-GO FD(54)=0.oaoc1•110 
2011wJl FD( 54)=1. 740DO.OSB 
40m['")l FD ( 54 )=2. 700DO. l 40 
80rng/l FD(54)=2.5700°· 280 
0- 5 FD(54)=0.220CO.?)O 
0-10 FD(54)=0.570C0. 6?Q 
0-80 FD(54)=0.59oc0 • 560 
C: Contaminant concentration D: Upper limit of particle cut size 
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Disscusion 
As illustrated in Figure 17, wear debris density 
readings increase as abrasive particle size range increases 
at a fixed concentration level which is in agreement with 
the abrasive wear theories investigated in Chapter II. In 
Appendix C, in Figures 2)-27 are presented a set of 
Ferrograms which show that density readings D54 on each 14 
minutes sample. It should be noted that Ferrograms should 
not to be used to evaluate the wear rate except under 
similar test situations, such as the slide location and 
sample volumes. 
A closer look of the debris in the high magnification 
microphotographs of Figures 28-.32 reveals more detail. 
It was found that the least amount of debris was generated 
by the 0-5 micrometers cut dust, more by the 0-30 micro-
meters cut and the maximum by t:1e 0-$0 micrometers cut 
ACFTD. This fact suggests that the larger the abrasive 
particles in oil, the more the wear debris produced if the 
influence of various contamination levels were as expected 
the higher concentration the more the wear debris. 
Furthermore, the characteristic curves converge 
rapidly in the low contaminate concentration. This 
implies that particle size distribution factor is in-
significant at low contamination level. 
The normalized density reading D54/ml obtained 
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from the Ferrograrn of the sliding contact mechanism with 
the wedging effect, namely the :3ize of the wearing [mrface 
clearance close to the p3rticle upper size of ACFTD cut 
are shown in Figure 18, of particular interest here is the 
fact that a much higher amount of debris density was 
measured during the 0-30 micrometer exposure than either 
in the 0-5 on the 0-80 tests. This phenomenon agrees with 
the wedging action concept su~gested in Chapter III. 
Figure 22 depicts the results obtained by the parti-
cle counting technique. As can be seen from these 
figures, the trend of contaminant concentration build up 
during 0-5 and 0-$0 testf are very similar, however, 
observations in the 0-30 tests have a significant differ-
ence. Furthermore, Figures 33-42 are Ferrograr~ of 
density readings obtained at th(~ 54mm position. These 
magnified debris covered Ferrog;ram reveal that more wear 
debris were formed in thE:- 0-30 test. This indicated that 
the wedging phenomena is indeed a property of sliding 
contact wear caused by abrasive particle in interfacing 
fluids. 
Since ·the results ohtained from the direct particle 
counting technique agree with tlle density measured through 
Ferrographic' methods, it has been verified that F'erro-
israphy and Ferroe;raphic-'.iear models developed in this 
study are reliable. 
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CHAPTER V 
SUMI'IJJ\RY AND CONCLUSIONS 
Summary 
Usually, power is transferred between components 
through the frictional effect in mechanical systems. In 
. order to reduce the damage caused by the wasteful but 
unavoidable frictional processes, lubricants are used to 
separate two wearing surf aces by a fluid film. 
Users of machinery have realized the importance of 
lubrication in machine components. Unfortunately, most of 
them are not aware of the deterioration induced by the dirt 
particles in the lubricating oils. Moreover, due to the 
complexity .of wear processes, the repbrted investigations 
.. 
are limited to qualitative description more than develop-
ment of an analysis format for use either in the phenomena 
explainations or a form ready for use in realistic situa-
tions. This effect was based on the tribological wear 
theories and a non-intrusive analysis technique to further 
the knowledge of the sliding contact wear phenomenon 
caused .by abrasive particle in interfacing fluids and 
develop Ferrographic-Wear models which can be used to 
solve the above mentioned problems. 
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Ferrography, used to assess the degree of contaminant 
induced wear in lubricated systems, was evaluated by 
correlating the D.R •• The correlation.results showed that 
the Ferrography method accurately predicts the wear 
phenomen~. 
On the basis of electromagnetic principles and parti-
cle dynamic theories, .a relation between the wear rate and 
the Ferrogram density reading was derived. This work was 
considered essential prior to the development of the 
Ferrographic-Wear models. 
Particle size range and particle concentration in 
fluids are shown to be the critic al parameters in this 
research. 
The Ferrog;raphic-Wear models showed that the 
Ferrogram debris density rcadin~ is a power function of 
the particle upper cut size and particle concentration 
respectively. The coefficients and exponents depend on 
the test conditions, but are. constant in a fixed parameter 
situation. F?r example for a fixed particle size, the 
function governing the behaviour of the density reading 
and the contaminant concentration has a constant co-
efficient and exponent. 
Wedging action should be considered as a property of 
sliding contact wear mechanism. It occurs when the 
clearance between two wearin.e; surf aces have the same size 
as the upper cut size of contaminant particles. This 
effect induces a significant increase in the amount of 
wear debris. 
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Tests were cohducted to evaluate the Ferrographic-
Wear model~ d~veloped durinp; this· study. The test plan 
was formulateu in such a manner that both the normal wear 
tests and the wedging wear tests could be performed. The 
extraneous abrasive particles used were those of ACFTD 
ranging from 0-5, 0-30, and 0-80 micrometer. This dust 
was entrained into the system according to a well-planed 
schedule. 
Test results were obtained from the Ferrograms. 
Both numerical density reading;s, D54, and a magnified 
Ferrogram were obtained from the fluid samples. The 
numerical density readinGs, D54, were normalized for the 
same unit volume, normally usinr; 1 milliliter and were 
analyzed statistically by means of the least squares curve 
fitting method to obtain the related performance equation 
sets. 
Finally, the theoretical Ferrographic-Wear model was 
verified and was shown to have ;:;ood agreement with the 
experimental data obtained from the different tests. This 
fact strongly demonstrated that the models developed in 
this study are adequate to predict the wear phenomena of 
abrasive particle induced by sliding contact mechanism 
wear. 
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Conclusion 
From the research investigation described in the 
preceding chapters, several noteworthy conclusions can be 
listed as follows: 
1. During the Ferrography evaluation study, it was 
noted that D54 is most responsive type of reading 
for sliding contact wear mechanism. 
2. Based upon the electromagnetic principles and 
particle dynamic properties, the performance 
equation relating Ferrop;ram density reading FD(l) 
to wear rate (W) can be derived. It has the 
following form: FD(l) = k 5w where k5 is a 
proportionality constant. This work can advance 
other Ferrographic-Wear studies. 
). Normalized density reading D54/ml is a power 
function in terms of the upper cut size of 
contaminant particles. This conclusion is 
applicable to all slidin~ contact wear mechanisms 
by setting other parameters constant, with the 
exception of those with wed~in~ effects. 
4.· Normalized density reading 054/ml again is a power 
function in terms of particle concentration. This 
characteristic is applicable to all sliding 
contact wear mechanism by settin~ other parameters 
constant. 
5. By means of the least square curve fitting method, 
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results obtained from the tests have been analyzed 
statistically in order to verify the Ferrographic-
Wear models. The experimental results reveal good 
agreement to the theoretical Ferrographic-Wear 
models except in the low contamination concentra-
tion level. This is due to the fact that particle 
size distribution is not a significant factor in 
the. low concentration range. 
6. In this study, wedging phenomena is of particular 
interest. It not only provides an unusual 
increase in wear debris in the critical particle 
size range_but also provides a good basis for the 
filter designers. This phenomenon implies that in 
dealing with the sliding contact mechanism, 
reducing the.particle size range (at a give 
concentration) of the entrained contaminants may 
not decrease the component wear. 
7. From this study, it is concluded that the wear 
mechanism can be analyzed by means of a non-
intrusi ve oil analysis technique. Furthermore, 
the performance wear models developed through this 
technique have been verified adequately in predic-
ting the wear phenomena in contaminant induced 
sliding wear mechanism. This indicated that this 
effort provides a feasible technique for use in 
wear phenomena analysis in realistic situations. 
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APPI!;NDIX A 
BREAK-IN PROCEDURi 
78 
The suggested Break-In procedure in the sliding wear 
tests are as follos: 
1. Install oil-wetted specimen set (spool and bores) 
. in mechanism. 
2. Connect drive rnechanism and check for proper 
alifSnment. 
J. Operate stand until proper oil temperature is 
achieved, set proper flow through mechanism, and 
set pressure to 25% of test pressure. 
4. Activate mechanism and operate for 15 minutes. 
5. Increase pressure by 25% of test pressure and 
operate for 15 minutes. 
6. Repeat 5 until test pressure is achieved. 
7. Operate at full test pressure for one hour. 
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APP~NDIX B 
THE LEAST SQUARJ!; CURVE FITTING M~THOD 
APPLIED IN A LOG-LOG FUNCTION 
80 
Concerning a log-log function, it can be expressed as: 
log W = log a + b log D (B-1) 
or (B-2) 
The first step to apply the least square curve fitting 
technique to this non-linear function is to convert 
suitable variables to reduce, the primary function to a 
"linear relationship", and then follow tne steps used to 
handle the conventional linear system problems. Details 
shown as follows: 
log W = log a + b log D 
Let log W =Y, log a = a 0 , b = a1, log D = X 
then Equation (B-3) reduces to 
Now the performance equations for linear system can be 
employed to solve Equation (B-4). That is 
or 
(B-3) 
(B-4) 
(B-7) 
= NI:XY -(I:X)(l:XY) 
al N~x2 - (l:X)2 
where: N is the sampling number. 
(B-S) 
By Equation (B-7), (B-8), and (B-3), then the desired 
curve appears. 
Also, the coefficient of determination r 2 is defined 
as 
2 ' 2 ' 2 
r = E (Yest. - Y) I I.:.(Y - Y) (B-9) 
where: Y = estimated value est. 
Y = mean value 
Y = observed value 
APPENDIX C 
FERROGRAMS 
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Figure 24. Ferrograms of Wear Debris (54mm) From Sliding Mechanism After 
Exposure to 10 mg/l of Contaminant (magnification = lOOX). 
Normal Condition. 
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Figure 25. Ferrograms of Wear Debris ( 54.mm) From Sliding ttiechanism After 
Exposure to 50 mg/l of Contaminant (magnification= lOOX), 
Normal Condition. 
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(a) 0-5 llm, V = 6 ml (b) 0-30 llm, V = 6 ml (c) 0-80 um, V = 6 ml 
Figure 26. Ferrograms of Wear Debris · ( 54mm) From Sliding Mechanism After 
Exposure to 40 mg/l of Contaminant (magnification= lOOX), 
Normal Condition. 
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Figure 28. FerrogratLs of Wear Debris (54mm) From Sliding ~~chanism After 
Exposure to 5 mg/l of Contaminant (magnification= lOOOX), 
Normal Condition. 
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Figure 29. Ferrograms of Wear Debris (54mm) From Sliding Mechanism After 
Exposure to 10 mg/l of Contaminant (magnification= lOOOX), 
Normal Condition. 
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Figure JO. Ferrograms of Wear Debris (54mm) From Sliding Mechanism After 
Exposure to 20 mg/l of Contaminant (magnification= lOOOX), 
Normal Condition. 
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Figure 31. Ferrograms of Wear Debris ( 54IWn) From Sliding :Mechanism After Exposure to 40 mg/l of Contaminant (magnification= lOOOX), 
Normal Condition. 
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Figure )2. Ferrograms of Wear Debris (54mm) From Sliding Mechanism After Exposure to 80 mg/l of Contaminant (magnification= lOOOX), 
Normal Condition. 
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Figure 33. 
(b) 0-30 um (c) o-80 um 
Ferrograms of Wear Debris ( 54rnm) From Sliding Mechanism After Exposure to 5 mg/l of Contaminant (magnification = lOOX), Wedge 'Condition. 
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Figure 34· 
Wedge Condition. 
(a) 0-5 um (b) 0-30 um ( c) 0-80 um 
Figure 3 5. Ferrograms of Wear Debris (54mm) From Sliding Mechanism After Exposure to 20 mg/l of Contaminant (magnification= lOOX), Wedge Condition. 
(b) 0-30 um ( C) Q-80 ).lID (a) 0-5 um Ferrograms of Wear Debris (54mml From Sliding Mechanis!Il After 
Exposure to 40 mg/l of Contaminant (magnification= lOOX), 
Figure 36. 
Wedge Condition. 
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